In cell extracts of Pseudaminobacter salicylatoxidans strain BN12, an enzymatic activity was detected which converted salicylate in an oxygen-dependent but NAD(P)H-independent reaction to a product with an absorbance maximum at 283 nm. This metabolite was isolated, purified, and identified by mass spectrometry and 1 H and 13 C nuclear magnetic resonance spectroscopy as 2-oxohepta-3,5-dienedioic acid. This metabolite could be formed only by direct ring fission of salicylate by a 1,2-dioxygenase reaction. Cell extracts from P. salicylatoxidans also oxidized 5-aminosalicylate, 3-, 4-, and 5-chlorosalicylate, 3-, 4-, and 5-methylsalicylate, 3-and 5-hydroxysalicylate (gentisate), and 1-hydroxy-2-naphthoate. The dioxygenase was purified and shown to consist of four identical subunits with a molecular weight of about 45,000. The purified enzyme showed higher catalytic constants with gentisate or 1-hydroxy-2-naphthoate than with salicylate. It was therefore concluded that P. salicylatoxidans synthesized a gentisate 1,2-dioxygenase with an extraordinary substrate range, which also allowed the oxidation of salicylate.
Naphthalenesulfonic acids are produced on a large scale as industrial detergents, dispersive materials, and intermediates for the production of azo dyes (34) . Some pure and mixed bacterial cultures which grow with naphthalene-1-sulfonic acid, naphthalene-2-sulfonic acid (2NS), 2-aminonaphthalene-1-sulfonic acid, 6-aminonaphthalene-2-sulfonic acid (6A2NS), or naphthalenedisulfonic acids as the sole source of carbon and energy have been isolated. The initial reaction in the microbial degradation of (substituted) naphthalenesulfonic acids is catalyzed by desulfonating dioxygenases, which catalyze the formation of (substituted) 1,2-dihydroxynaphthalene(s) and the release of sulfite (4, 5, 26-30, 32, 44) . Thus, the degradative pathway for naphthalenesulfonic acids converges at the level of 1,2-dihydroxynaphthalene (1,2-DHN) with the well-known pathway for the degradation of naphthalene (Fig. 1 ). The reactions which are catalyzed by the "upper" naphthalenesulfonic acid pathway result in the formation of (substituted) salicylate(s). For Sphingomonas xenophaga BN6, it was found that the enzymes participating in the upper naphthalenesulfonic acid pathway convert a wide range of substituted substrates and that therefore a single set of enzymes is sufficient for the conversion of various substituted naphthalenesulfonic acids (19-21, 26, 27, 35) . In contrast to the degradation of (substituted) naphthalenesulfonic acids to the corresponding salicylates, the productive metabolism of (substituted) salicylates requires rather different metabolic pathways. Thus, salicylate is usually converted by a salicylate 1-monooxygenase to catechol, 3-hydroxysalicylate (2,3-dihyroxybenzoate) is directly oxidized by an extradiol ring fission reaction to a nonaromatic product, 4-hydroxysalicylate (2,4-dihydroxybenzoate) is converted by a monooxygenase to the ring fission substrate 1,2,4-trihydroxybenzene, and gentisate (5-hydroxysalicylate) and 5-aminosalicylate are substrates for ring fission dioxygenases (2, 36, 37, 41, 42) .
So far, only one bacterial strain (Pseudaminobacter salicylatoxidans BN12) is known to completely degrade 6A2NS. In the course of attempts to characterize the metabolism of different substituted naphthalenesulfonates by this strain, a new enzymatic ring fission reaction for salicylate was detected, and it is described here.
MATERIALS AND METHODS
Bacterial strains and media. The isolation and characterization of P. salicylatoxidans strain BN12 have been described previously (16, 25) . Mineral media were prepared as described by Dorn et al. (9) and were supplemented with 100 mg of yeast extract per liter. Heat-labile and autoxidizable substrates were sterilized by membrane filtration (pore size, 0.2 m; Sartorius, Göttingen, Germany); all other substrates were autoclaved at 121°C.
Preparation of cell extracts. Cell suspensions in 20 mM Tris-HCl buffer, pH 8.0, were disrupted by using a French press (Aminco, Silver Spring, Md.) at 80 MPa. Cell debris was removed by centrifugation at 100,000 ϫ g for 30 min at 4°C. The protein content of the cell extracts was determined by the method of Bradford (3) with bovine serum albumin as a standard.
Enzyme assays. One unit of enzyme activity was defined as the amount of enzyme that converts 1 mol of substrate per min. 1,2-Dihydroxynaphthalene dioxygenase and 2Ј-hydroxybenzalpyruvate aldolase activities were determined as described previously (19, 20) .
Salicylate-1-monooxygenase was measured by a modification of the method of Lee et al. (23) . Cell extract was added to a solution (final volume, 1 ml) containing 20 mol of Tris-HCl buffer (pH 8.0), 0.1 mol of salicylate, 1.5 nmol of flavin adenine dinucleotide, and 0.03 mol of NADH. The decrease in absorption at 340 nm was measured spectrophotometrically.
The oxidation of 1-hydroxy-2-naphthoate was determined spectrophotometrically at 300 nm (molar reaction coefficient [ε 300 ] ϭ 11.5 mM Ϫ1 cm Ϫ1 ) as previously described by Iwabuchi and Harayama (15 (37, 41) .
For salicylate 1,2-dioxygenase, the cuvettes contained, in 1 ml, 20 mol of Tris-HCl buffer (pH 8.0) and 0.1 mol of salicylate. The reaction was started by the addition of cell extract, and the increase in absorbance was recorded at 283 nm. ε 283 was experimentally determined as 13.6 mM Ϫ1 cm Ϫ1 . The kinetic parameters were determined in a concentration range of 0.01 to 0.5 mM. The enzymatic reactions were recorded for 1 min. Standard deviations were calculated by nonlinear regression using the Sigma-Plot program package, version 5.0.
The pH optimum of the salicylate 1,2-dioxygenase activity was determined using a universal buffer as described by Rauscher et al. The buffer consisted of a mixture of citric acid, phosphoric acid, boric acid, and NaOH, which was titrated with HCl to obtain the desired pH (31) .
Purification of the salicylate 1,2-dioxygenase activity. Protein was purified at 4°C by use of a fast-performance liquid chromatography system consisting of a LCC 500 controller, 500 pump, UV-1 monitor, REC-482 recorder, and FRAC autosampler from Pharmacia (Uppsala, Sweden).
Crude extract was applied to a Q Sepharose FF column (XK 16/10; Pharmacia). Protein was eluted with 240 ml of a linear gradient of Tris-HCl (20 mM, pH 8.0) into Tris-HCl (20 mM, pH 8.0) plus 0.35 M NaCl at a flow rate of 1.5 ml/min. Fractions (5 ml each) were collected, and enzyme activity was determined spectrophotometrically. The salicylate-converting enzyme was eluted as a single peak at a concentration of about 0.27 M NaCl. The active fractions were pooled and transferred to a hydroxyapatite column (XK 16/10, ceramic hydroxyapatite type I, 20-m particle size; Bio-Rad) and eluted with a linear gradient (5 to 120 mM) of potassium phosphate buffer (pH 7.5) at a flow rate of 1.5 ml/min, and fractions of 2 ml were collected. The enzyme activity eluted when a potassium phosphate concentration of 20 mM was reached. The active fractions were pooled (30 ml) and applied to a Mono Q column (HR 5/5; Pharmacia) in order to concentrate the protein solution. The proteins were initially eluted (flow rate, 1 ml/min) with 5 ml of Tris-HCl (20 mM, pH 8.0) plus 0.3 M NaCl. The dioxygenase activity was eluted in 1 ml by an abrupt increase in the NaCl concentration to 1 M (reached by a linear gradient in 1 ml). The enzyme preparations from the Mono Q, Phenyl Superose, and gel filtration columns were routinely incubated with 2 mM (NH 4 ) 2 Fe(SO 4 ) 2 and 2 mM L-ascorbic acid for 30 min prior to assaying enzyme activity.
PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method of Laemmli (22) . Gels were silver stained by the method of Shevchenko et al. (33) .
Analytical methods. Salicylate and its oxidation product were analyzed by reverse-phase high-pressure liquid chromatography (HPLC). A reverse-phase column (Grom, Herrenberg, Germany; 125 by 4.0 mm [internal diameter], packed with 5-m particles of Grom-Sil 100 Octyl) was used. The separated compounds were detected photometrically by using a photodiode array detector. The following solvent systems were used: 84.7% (vol/vol) water, 15% (vol/vol) methanol, and 0.3% H 3 PO 4 or 90.0% (vol/vol) water, 10% (vol/vol) methanol, and an ion pair reagent according to the instructions of the manufacturer (PIC A; Waters). The usual flow rate was 0.7 ml/min. Naphthalene-2-sulfonates and metabolites were analyzed by reverse-phase HPLC as described previously (26, 27) .
Oxygen uptake experiments. Oxygen uptake was measured at 25°C with an oxygen electrode (YSI 5350; Yellow Springs Instrument Co., Yellow Springs, Colo.). The reaction mixtures (total volume of 3 ml) contained 50 mM AMPSO {[1,1-dimethyl-2-hydroxyethyl)-amino]-2-hydroxypropane-1-sulfonic acid} buffer (pH 9.0) and cell extract (approximately 3 mg of protein). The endogenous respiration was determined for 2 min, and then different amounts of salicylate (0.03 to 0.6 mol) were added. The oxygen uptake was recorded and corrected for endogenous respiration.
Isolation of the ring fission product from salicylate. P. salicylatoxidans BN12 was grown in 3-liter Erlenmeyer flasks (600 ml of culture volume) with 6A2NS plus yeast extract (100 mg/liter) to an optical density at 546 nm of about 1.2. Cells were harvested by centrifugation, and cell extracts were prepared. This cell extract (about 100 mg of protein) was incubated in 50 ml of a sodium carbonate buffer (50 mM, pH 9.0) plus 5 mM of salicylate until the salicylate was completely converted. The resulting pool was separated from macromolecular contaminations by ultrafiltration (Diaflo PM10 membrane with a 10,000-molecular-weight cutoff; Amicon) and the filtrate was transferred to a Q Sepharose column (15 by 1.6 cm). Individual compounds were eluted from the column with a linear FIG. 1. Proposed pathways for the degradation of (substituted) naphthalenesulfonates. NSDO, naphthalenesulfonate dioxygenase; DHNDO, 1,2-dihydroxynaphthalene dioxygenase; HCCAI, 2-hydroxychromene-2-carboxylate isomerase; HBPA, 2Ј-hydroxybenzalpyruvate aldolase(hydratase); SADH, salicylaldehyde dehydrogenase; SMO, salicylate 1-monooxygenase; GDO, gentisate 1,2-dioxygenase; 5ASDO, 5-aminosalicylate 1,2-dioxygenase; C1,2DO, catechol 1,2-dioxygenase; MPI, maleylpyruvate isomerase; TCC, tricarboxylic acid cycle (19, 20, 26, 37) .
VOL. 183, 2001
SALICYLATE 1,2-DIOXYGENASE 6937 gradient of NaCl (from 0 to 1 M) in sodium carbonate buffer (30 mM, pH 9.0). Fractions which showed a significant absorbance at 283 nm eluted in the concentration range of 0.4 M NaCl and were pooled. This purified aqueous solution of the ring fission product (about 50 ml) was concentrated by evaporation to dryness. Methanol (3 ml) was added to the precipitate, and the methanolic phase containing most of the ring fission product was separated from the insoluble inorganic salts. The methanolic phase was evaporated, and the procedure was repeated. This resulted (according to HPLC and spectroscopic analysis) in the isolation of an almost pure preparation of the ring fission product. Spectrometry. Mass spectra were obtained on a Quattro LC triple-stage quadrupole mass spectrometer (Micromass, Manchester, United Kingdom) with electrospray ionization in the negative mode. The compound was introduced in a water-methanol solution by infusion with a syringe pump. The nuclear magnetic resonance (NMR) spectra were recorded with a Bruker ARX500 spectrometer in deuterated methanol. Chemical shifts (␦) are given in parts per million relative to tetramethylsilane as the internal standard.
Chemicals.The sources of the chemicals used have been described (19, 20, 26, 27) .
RESULTS
Growth phenotype. P. salicylatoxidans BN12 grew in liquid media with 2NS, 6A2NS, or 6-hydroxynaphthalene-2-sulfonate (6H2NS) (2.5 mM each) supplemented with yeast extract (100 mg/liter). HPLC analysis indicated a complete conversion of 2NS, 6H2NS, and 6A2NS, because the substrates completely disappeared and only small amounts (Ͻ0.5 mM) of salicylate, gentisate, or 5-aminosalicylate were found transiently in the culture supernatants. Strain BN12 also grew with gentisate and 5-aminosalicylate (in the presence of yeast extract). No or very faint growth was observed with salicylate, 3-, 4-, or 6-hydroxysalicylate, 3-or 4-aminosalicylate, or 1-hydroxy-2-naphthoate.
Enzyme measurements with cell extracts. The growth characteristics of strain BN12 suggested that the "upper" naphthalene pathway, which converts the naphthalenesulfonates to the corresponding salicylates, and the "lower" pathways for the metabolism of salicylate, 5HS, and 5AS both occurred in this strain (Fig. 1) . This is in contrast to the 6A2NS-degrading mixed culture which was previously studied in our laboratory. In this coculture, S. xenophaga BN6 converts 2NS, 6A2NS, or 6H2NS into salicylate, 5AS, or 5HS. These products are not further degraded by strain BN6 but are excreted in almost stoichiometric amounts into the culture supernatant and are metabolized by other strains of the mixed culture (26) .
Therefore, we tested whether the enzymes for the upper naphthalene pathway and those for the oxidation of the salicylates (Fig. 1 ) occur together in P. salicylatoxidans BN12. The strain was grown with 6A2NS, 2NS, nutrient broth, or acetate and various enzymes involved in the degradation of naphthalenesulfonates and (substituted) salicylates assayed. Thus, 1,2-dihydroxynaphthalene dioxygenase, 2Ј-hydroxybenzalpyruvate aldolase, 5-aminosalicylate 1,2-dioxygenase, gentisate 1,2-dioxygenase, and maleylpyruvate isomerase activities were found in cell extracts. The enzymes of the upper naphthalene pathway and the gentisate pathway could be detected in extracts from cells which had been grown under nonselective conditions but showed some enzyme induction after growth with 2NS or 6A2NS (Table 1) . Surprisingly, almost no salicylate 1-monoooxygenase activity was found after growth with 2NS or 6A2NS (Ͻ0.01 U/mg of protein). However, salicylate was converted without the addition of a cofactor to a product with an absorption maximum at 283 nm (Fig. 2) . The oxidation of salicylate to a product with an absorption maximum at 283 nm has been observed for a different strain (BN11) which was isolated from the same mixed bacterial culture as P. salicylatoxidans BN12 but did not degrade naphthalenesulfonates (25) . ϭ 3.3 min) , which also demonstrated in the acidic solvent system the characteristic absorption maximum at 283 nm. Since we found no evidence in the relevant literature of a cofactor-independent conversion of salicylate to a product with an absorption maximum at 283 nm, the retention behavior and UV-visible (UV-Vis) spectra of several possible reaction products were analyzed. Thus, the putative products 3-, 4-, 5-, and 6-hydroxysalicylate, catechol, phenol, and benzoate were excluded according to their UV-Vis spectra and retention times. This suggested that salicylate was indeed converted by a novel reaction by cell extracts from P. salicylatoxidans strain BN12.
Oxygen-dependent conversion of salicylate. Different amounts of salicylate were incubated in an oxygen electrode with cell extracts of P. salicylatoxidans, and the salicylate-dependent oxygen uptake was determined. The total amount of oxygen consumed at the expense of salicylate was strictly proportional to the initial concentration of the organic substrate: 1 mol of oxygen was consumed per mol of salicylate added.
Isolation of the oxidation product of salicylate. All results suggested that salicylate was oxidized by cell extracts of P. salicylatoxidans by a direct 1,2-dioxygenolytic cleavage of the aromatic ring. We therefore attempted to isolate the product of the reaction for spectroscopic characterization. Thus, 250 mol of salicylate was incubated overnight in 50 ml of sodium carbonate buffer (pH 9.0) with about 100 mg of cell extract. After the complete turnover of salicylate, the reaction product was isolated and purified by ultrafiltration and anion-exchange chromatography as described in Materials and Methods.
Identification of the ring cleavage product of salicylate. The purified product was dissolved in deuterated methanol, and 1 H NMR (500 MHz) and 13 C NMR (126 MHz) spectra were recorded. The 13 C NMR spectrum clearly demonstrated the presence of seven different carbon atoms. Besides two carboxylate resonances (␦ ϭ 172.15 and 174.86 ppm), one signal (␦ ϭ 197.09 ppm) was observed, which suggested the presence of a keto group. The additional four signals of the 13 C NMR spectrum resulted from olefinic carbon atoms (␦ ϭ 130.52, 133.94, 138.24, and 144.58).
The 1 H NMR spectrum (Fig. 3) showed a set of four olefinic protons which, from the coupling pattern (two doublets and two doublets of doublets), are in adjacent positions. A chemical shift of 8.35 ppm must be assigned to the proton in the ␤ position to the keto group (C-4) with its coupling constant ( 3 J ϭ 15.8 Hz) indicating a trans configuration for the double bond between C-3 and C-4. The double bond between C-5 and C-6 has a cis configuration ( 3 J ϭ 11.3 Hz). All NMR data were in accordance with the 2-oxohepta-3,5-dienedioic acid as a ring fission product of salicylate (Fig. 3) .
The purified compound was further analyzed by mass spectrometry (MS). The sample was introduced by infusion and ionized by electrospray ionization, and the spectra were acquired in the negative mode. Ϫ , and 81 (M-H-CO 2 -CO 2 ) Ϫ were detected. This fragmentation pattern could be explained by the loss of two carboxyl groups and one carbonyl group from the parent ion. The MS data thus agree with the oxidation of salicylate to 2-oxohepta-3,5-dienedioic acid.
Characterization of the salicylate-converting enzyme activity in cell extracts. Cell extracts of strain BN12 were incubated in different buffer systems at different temperatures. The remaining activity of the salicylate-converting enzyme was assayed at different intervals. The enzyme was rather stable at Ϫ20°C in Na-K phosphate buffer (pH 7.0) or Tris-HCl buffer (pH 8.0). After 1 week of storage (7 mg of protein/ml) at Ϫ20°C, about 60% of the original activity was recovered. In contrast, within 2 days at 4°C in both buffer systems, the enzyme lost its activity completely.
Enzymatic activity with salicylate was determined within a pH range from 5 to 11 by using a universal buffer as described by Rauscher et al. (31) and measuring the increase in absorbance at 283 nm. The enzyme showed maximal activity at about pH 8.0 to 9.0. The enzyme showed the highest activity at about 40°C and 80 to 90% of this maximal activity at 30 or 50°C. ε 283 of the product formed from salicylate was experimentally determined at pH 9.0 as 18.5 mM Ϫ1 cm Ϫ1 . Because of the absorbance of the substrate salicylate at 283 nm (ε 283 ϭ 4.9 mM Ϫ1 cm Ϫ1 ), a molar reaction coefficient of 13.6 mM Ϫ1 cm
Ϫ1
was used for the determination of the enzyme activity.
After the incubation of cell extracts with the Fe 2ϩ -chelating agent 8-hydroxyquinoline, o-phenanthroline, or 2,2Ј-dipyridyl (each 0.1 mM, 15 min), only 9, 2, or 28%, respectively, of the activity in an untreated control was recovered. This suggested that the salicylate-converting oxygenase activity required Fe 2ϩ ions as previously described for gentisate 1,2-dioxygenases and 1-hydroxy-2-naphthoate 1,2-dioxygenase (14, 15) .
1 H NMR data for the oxidation product of salicylate.
Oxidation of different substituted salicylates by cell extracts. The results presented above clearly demonstrated that cell extracts from P. salicylatoxidans BN12 were able to oxidize salicylate by a dioxygenolytic cleavage between carbon atoms 1 and 2. Similar cleavage reactions of aromatic 2-hydroxycarboxylic acids have been described previously for gentisate, 5-aminosalicylate, 5-chlorosalicylate, and 1-hydroxy-2-naphthoate (1, 7, 13, 15, 37) . The cell extracts from P. salicylatoxidans BN12 oxidized (apart from salicylate) gentisate and 5-aminosalicylate (Table 1) . Therefore, cell extracts were also incubated with 5-chlorosalicylate and 1-hydroxy-2-naphthoate, and the reactions were analyzed by UV-Vis overlay spectra. The UV-Vis spectra of the product(s) formed from 5-chlorosalicylate ( max ϭ 332 nm) and 1-hydroxy-2-naphthoate ( max ϭ 300 nm) were very similar to those of the corresponding 1,2-dioxygenation products, which had been described previously (1, 7) . The UV-Vis spectrum of the ring fission product of 1-hydroxy-2-naphthoate (trans-2-carboxybenzalpyruvate) significantly changed after acidification from a max of 300 nm to max of 274 and 281 nm (1). The same observation was made with the product formed from 1-hydroxy-2-naphthoate by the salicylate-oxidizing enzyme from strain BN12. It was therefore concluded that 1-hydroxy-2-naphthoate was converted by P. salicylatoxidans BN12 to the same product as that for Nocardioides sp. strain KP7.
Furthermore, an increase in absorbance between 280 and 400 nm was also observed with cell extracts from P. salicylatoxidans with 3-and 4-chlorosalicylate, 3-hydroxysalicylate, and 3-, 4-, and 5-methylsalicylate. This suggested that the salicylateoxidizing enzyme activity also cleaves several substituted salicylates.
Purification of the enzyme exhibiting salicylate 1,2-dioxygenase activity. The ability of the cell extracts to oxidize gentisate, 5-aminosalicylate, and 1-hydroxy-2-naphthoate in addition to salicylate suggested that a single enzyme could be responsible for the conversion of these substrates. The enzyme was therefore purified according to the procedure shown in Table 2 . The enzyme was purified 62-fold. The overall yield was 1.5% of the activity present in cell extract. This enzyme preparation gave one clearly dominant band after SDS-gel electrophoresis (Ͼ90% purity). The molecular weight of the purified dioxygenase as determined by gel filtration was estimated to be 185,000. The molecular weight of one subunit was determined by SDS-gel electrophoresis to be 45,000. Therefore, it can be assumed that the enzyme consists of four identical subunits.
Substrate specificity of the dioxygenase. The purified enzyme was incubated with salicylate (0.1 mM), gentisate, 5-aminosalicylate, or 1-hydroxy-2-naphthoate (0.5 mM each), and the reaction products were analyzed spectrophotometrically. The enzyme preparation oxidized all four substrates. The purified enzyme converted the four substrates with almost the same relative activities as the cell extract (relative activities with salicylate, 5-aminosalicylate, 1-hydroxy-2-naphthoate, and gentisate with both preparations were about 1:10:40:120). This suggested that a single dioxygenase was responsible in P. salicylatoxidans BN12 for the oxidation of these substrates. Substrate inhibition kinetics were observed with all four substrates when the substrate concentrations exceeded about 1 mM. Therefore, the oxidation of the substrates was compared in a substrate range of 10 to 500 M. Thus, it was found that the highest specific activities were observed with gentisate and the lowest activities were found with salicylate (Table 3) . A comparison of the specificity constants (k cat /K m ) suggested that gentisate and 1-hydroxy-2-naphthoate were the preferred substrates of the enzyme. This suggested that a gentisate dioxygenase with an extremely relaxed substrate specificity was responsible for the unusual oxidation of salicylate by P. salicylatoxidans BN12.
DISCUSSION
Salicylate is degraded by most bacteria by a salicylate-1-monooxygenase, which oxidatively decarboxylates salicylate in a NAD(P)H-dependent reaction to catechol (42, 45, 46) . In contrast, the results obtained during the present study unequivocally demonstrate the 1,2-dioxygenolytic cleavage of salicylate by cells and cell extracts from P. salicylatoxidans BN12. This extraordinary ring fission reaction was first suggested by the oxygen dependence but NAD(P)H independence of the reaction. This indicated a ring fission dioxygenase and contradicted a possible involvement of hydroxylating monooxygen- ases or dioxygenases. The involvement of a monooxygenase was also excluded by the spectrophotometric and HPLC analysis of the reaction product, which clearly excluded all possible hydroxylated salicylates and also catechol as reaction products. The definitive proof for the suggested novel ring fission reaction of salicylate to 2-oxohepta-3,5-dienedioic acid was obtained after purification of the reaction product. The results of the 1 H and 13 C NMR spectra clearly indicated the presence of two carboxylate groups, a further oxo function, and a set of four conjugated olefinic carbon atoms. Furthermore, these 1 H and 13 C NMR spectra clearly resembled the spectra previously reported for 6-oxohepta-2,4-dienoic acid (a compound studied in connection with the cis-trans isomerization of maleylpyruvate, the cleavage product of gentisate) (10) and 2-hydroxymuconate (an intermediate in the degradation of catechol by the meta cleavage pathway) (43) . The evidence for the proposed ring fission reaction was further substantiated by the information obtained by MS. The 1 H NMR spectrum indicated a trans configuration for the double bond between C-3 and C-4. It was expected that this double bond should conserve its cis configuration originating from the aromatic nucleus of the substrate, because there is no obvious mechanism by which this double bond could easily isomerize in the absence of an attached hydroxy group which would allow a keto-enol tautomerization and a facilitated isomerization at this position. This suggests that during the enzymatic ring fission of salicylate some transient rearrangements of the double bonds take place, as has been suggested previously for the reaction of a gentisate 1,2-dioxygenase with its substrate (14) , or that some (reversible) lactonization reactions may occur, as previously suggested for the ring fission product of 5-chlorosalicylate (7).
The oxygenolytic 1,2-cleavage of salicylate contradicts a generally accepted paradigm that the enzymatic ring fission of the aromatic nucleus by bacteria requires the presence of two hydroxy groups attached to the aromatic ring. Nevertheless, a few examples have been described previously in which monohydroxylated aromatics, e.g., 5-aminosalicylate or 2-aminophenol, were cleaved by ring fission dioxygenases (8, 24, 37, 39) . The ability of "traditional" ring fission dioxygenases to oxidize aminohydroxybenzene derivatives is mechanistically easily explained, because the amino group activates the aromatic nucleus similarly to the hydroxy group for an electrophilic attack of the ring-cleaving dioxygenases (37) . There are also a few reports which describe the ring fission of monohydroxylated aromatic compounds which do not possess a second electrondonating substituent; this has been described for the oxidation of 5-chlorosalicylate by a Bacillus sp. and for the conversion of 1-hydroxy-2-naphthoate by several gram-negative (e.g., Aeromonas) and gram-positive (Nocardioides) bacteria (1, 7, 15, 17, 18) . From these two reactions, only the oxidation of 1-hydroxy-2-naphthoate by Nocardioides sp. strain KP7 has been analyzed on an enzymatic and genetic level and the ring fission product has been isolated and characterized by various spectroscopic techniques (1, 15) .
The results of the present study suggested that P. salicylatoxidans oxidized salicylate by a ring fission dioxygenase similar to gentisate 1,2-dioxygenase or 1-hydroxy-2-naphthoate dioxygenase. This was indicated by the ability of the enzyme to convert gentisate and 1-hydroxy-2-naphthoate, the size of the subunits, the structure of the holoenzyme, and the dependence of the enzyme on Fe 2ϩ ions. The ring fission dioxygenase from P. salicylatoxidans was clearly different from currently known gentisate 1,2-dioxygenases or 1-hydroxy-2-naphthoate dioxygenases because of its unique ability to oxidatively cleave salicylate and also the ability to cleave gentisate and 1-hydroxy-2-naphthoate with high catalytic efficiencies. In contrast, the 1-hydroxy-2-naphthoate dioxygenase from Nocardioides sp. strain KP7 does not oxidize gentisate or salicylate (15) , and gentisate 1,2-dioxygenases do not oxidize salicylate (14) . (Apparently 1-hydroxy-2-naphthoate has not been tested as a substrate for gentisate 1,2-dioxygenases.)
From the kinetic data it is currently not possible to distinguish if the enzyme is more closely related to gentisate 1,2-dioxygenases or to 1-hydroxy-2-naphthoate dioxygenases. Furthermore, gentisate 1,2-dioxygenases and 1-hydroxy-2-naphthoate dioxygenases may be evolutionarily related, because the gentisate 1,2-dioxygenase from Sphingomonas sp. strain RW5 has been shown to have a low degree of sequence similarity (27%) to the 1-hydroxy-2-naphthoate dioxygenase from Nocardioides sp. strain KP7 (40) . A closer relationship of the enzyme from P. salicylatoxidans with gentisate 1,2-dioxygenases was suggested by the enzyme purification experiments, which demonstrated that the enzyme is composed of four identical subunits with a size of about 45 kDa. Similar results have been obtained with gentisate 1,2-dioxygenases from different microorganisms (Comamonas testosteroni, Comamonas acidovorans, Haloferax sp., Klebsiella pneumoniae, Moraxella osloensis OA3, Pseudomonas alcaligenes, and Sphingomonas sp. strain RW5) which are composed of four identical subunits with a size of about 40 kDa (6, 11, 12, 13, 38, 40, 47) . In contrast, it was suggested that the 1-hydroxy-2-naphthoate dioxygenase from Nocardioides sp. strain KP7 was composed of six subunits with a molecular mass of about 43 kDa (15) . In order to obtain conclusive information about the evolution of the extraordinary salicylate 1,2-dioxygenase activity from strain BN12, we are attempting to clone the encoding gene.
